The Piper genus is the most representative of the Piperaceae reaching around 2000 species distributed in the pantropical region. In the Neotropics, its species are represented by herbs, shrubs, and lianas, which are used in traditional medicine to prepare teas and infusions. Its essential oils (EOs) present high yield and are chemically constituted by complex mixtures or the predominance of main volatile constituents. The chemical composition of Piper EOs displays interspecific or intraspecific variations, according to the site of collection or seasonality. The main volatile compounds identified in Piper EOs are monoterpenes hydrocarbons, oxygenated monoterpenoids, sesquiterpene hydrocarbons, oxygenated sesquiterpenoids and large amounts of phenylpropanoids. In this review, we are reporting the biological potential of Piper EOs from the Neotropical region. There are many reports of Piper EOs as antimicrobial agents (fungi and bacteria), antiprotozoal (Leishmania spp., Plasmodium spp., and Trypanosoma spp.), acetylcholinesterase inhibitor, antinociceptive, anti-inflammatory and cytotoxic activity against different tumor cells lines (breast, leukemia, melanoma, gastric, among others). These studies can contribute to the rational and economic exploration of Piper species, once they have been identified as potent natural and alternative sources to treat human diseases.
Introduction
The genus Piper L. has approximately 2000 species distributed in the pantropical region, in the Neotropics occurring from northern Mexico to Chile and Argentina. The Andean slopes, Central American lowlands and Central Amazonia have been considered as centers of high species richness for the genus [1, 2] . Piper belongs to Piperaceae, classified in the order Piperales, Magnoliids clade included in angiosperm basal group [3] . Phylogenetic studies have confirmed the monophyly of the group with eight subgenera recognized in the Neotropics: Enckea, Macrostachys, Ottonia, Peltobryon, Piper, Pothomorphe, Radula and Schilleria [4] .
Plants of the genus Piper are easy recognized in the field by their nodose shoots, inflorescences spikes, and the typical "spicy" or aromatic smell [4] . They can be herbs, shrubs and less often lianas of annual or perennial habits; aromatics; glabrous or with varied indumentum, frequently gland-dotted, with nodose stems. Leaves are mostly alternate, sometimes opposite, simple, sessile or petiolate, with variable size, shape and venation. Inflorescences are terminal, leaf opposed or axillary, commonly demonstrated significant antifungal activity against dermatophytes, filamentous fungi, and potent antifungal activity against non-dermatophyte filamentous fungi [30] . In addition, P. aduncum oils from the aerial parts of chemotype dillapiole (45.9%), (E)-β-ocimene (19.0%), and piperitone (8.4%), also inhibited Trichophyton species at 500 µg/mL [65] . P. cernuum oil, rich in trans-dihydroagarofuran (30.0-36.7%), 4-epi-cis-dihydroagarofuran (11.2-13.4%), and γ-eudesmol (8.3-13.3%), was active against Microsporum gypseum (MIC, 48-390 µg/mL), T. mentagrophytes (MIC, µg/mL), T. rubrum (MIC, 48-195 µg/mL), E. flocosum (MIC 48-195 µg/mL) and opportunist yeast Cryptococcus neoformans (MIC 48 µg/mL) [37] . P. malacophyllum oil was composed of camphor (32.8%), camphene (20.8%), and (E)-nerolidol (9.1%), and it showed moderate activity compared to ketoconazole against T. mentagrophytes and C. neoformans, the causal agent of meningoencephalitis in immunocompromized patients [56] .
Antiprotozoal Activity
Parasitic protozoal diseases are the major economic and public health problems in the world causing high rates of human morbidity and mortality in developing countries [32] . The prevalence of these diseases is higher in the tropics, where a significant number of deaths are attributed to leishmaniasis, malaria, and trypanosomiasis [66] . Piper species have been reported as good sources of antiparasitic compounds [67] .
Studies carried out with the essential oils of Piper species showed that P. aduncum leaf EO, containing (E)-nerolidol (25.2%) and linalool (13.42%), had an inhibitory effect after 24 h on the growth of Leishmania braziliensis promastigotes (IC 50 , 77.9 µg/mL) and (E)-nerolidol presented a similar inhibitory effect (IC 50 , 74.3 µg/mL) [67, 68] . P. aduncum leaf EO from two localities in Cuba (Bauta and Ceiba) were active against L. amazonensis (IC 50 , 19.3 and >64 µg/mL, respectively), in both EOs, the major components were piperitone, viridiflorol, and camphor [53] . P. angustifolium leaf EO, dominated by spathulenol (23.8%) and caryophyllene oxide (13.1%), was effective against intra-cellular amastigotes of L. infantum, the etiological agent of visceral leishmaniasis (IC 50 , 1.4 µg/mL) [69] . P. aduncum and P. diospyrifolium leaf EOs displayed high activity against of axenic amastigote forms of L. amazonensis (IC 50 , 76.1 µg/mL and 36.2 µg/mL, respectively) and were more selective for the parasite than for the mammalian macrophages [70] . The main constituents of P. aduncum EO were bicyclogermacrene (20.9%), (E)-β-ocimene (13.9%), and (Z)-β-ocimene (7.0%), while P. diospyrifolium oil was rich in selin-11-en-4α-ol (17.7%), β-caryophyllene (7.4%), and γ-gurjunene (6.9%).
The EO from fresh leaves and inflorescences of P. claussenianum showed high activity against a strain of L. amazonensis, the leaf EO, rich in (E)-nerolidol (81.4%), had greater inhibition on the growth of L. amazonensis than the inflorescences EO, which was rich in linalool (50.2%) (IC 50 30 .4 µg/mL and 1328 µg/mL, respectively) [71] . P. demeraranum and P. duckei oils inhibited the growth of promastigote forms of two species of Leishmania (IC 50 , 15.2 and 22.7 µg/mL, respectively) with greater activity against L. guyanensis than L. amazonenis [72] . The main constituents of P. demeraranum oil were β-elemene (33.1%), limonene (19.3%), and bicyclogermacrene (8.8%), and P. duckei β-caryophyllene (27.1%), γ-eudesmol (17.9%), and germacrene D (14.7%).
The P. aduncum EOs, chemotype piperitone (19.0-23.7%), camphor (9.4-17.1%) and viridiflorol (13.0-14.5%), obtained from the aerial parts, showed an inhibitory effect on the growth of Plasmodium falciparum with IC 50 value ranging from 1.3 to 2.8 µg/mL [32, 53] . The essential oils from P. claussenianum inflorescences and P. lucaeanum leaves, and the pure isolated (E)-nerolidol obtained from inflorescenses of P. claussenianum, showed a 70% decrease in the growth of chloroquine-resistent (W2) P. falciparum, when tested at a concentration of 25 mg/mL [73] . The P. claussenianum EO was dominated by linalool (56.5%) followed by (E)-nerolidol (23.7%) and α-humulene (2.4%), and P. lucaeanum was rich in α-pinene (30.0%), α-zingiberene (30.4%) and β-sesquiphellandrene (11.1%).
The anti-trypanosomal activities have been reported for different chemotypes of P. aduncum EOs. The effect of P. aduncum EO rich in (E)-nerolidol (25.2%), linalool (13.4%) and spathulenol (l5.3%), was analyzed against different developmental forms of Trypanosoma cruzi. The oil was active after 24 h against cell-derived (IC 50 , 2.8 µg/mL), metacyclic trypomastigotes (IC 50 12 .1 µg/mL), and intracellular amastigotes (IC 50 , 9.0 µg/mL) [68] . The chemotype piperitone (23.7%), camphor (17.1%), and viridiflorol (14.5%) also exhibited activity against T. cruzi (IC 50 2.0 µg/mL) [32] . In addition, P. aduncum leaf EOs from two localities in Cuba were active against T. brucei and T. cruzi with IC 50 value of approximately 8.0 µg/mL [53] . The major components were piperitone (20.1-19 .0%), viridiflorol (13) (14) (15) (16) (17) (18) .8%) and camphor (13.9-9.4%) in the specimens.
In addition to inhibition of the parasites themselves, inhibition of key protozoal protein targets by essential oils has been investigated [74] . P. bredemeyeri leaf essential oil inhibited cruzain, the cysteine protease from Trypanosoma cruzi, with IC 50 of 0.96 µg/mL [34] . P. bredemeyeri EO was composed largely of the sesquiterpene hydrocarbons β-elemene (34.0%), β-caryophyllene (24.2%), germacrene D (21.7%), and germacrene A (13.2%). β-Caryophyllene and germacrene D have both shown cruzain inhibitory activity with IC 50 values of 32.5 and 22.1 µg/mL, respectively, and a 1:1 binary mixture of these two compounds showed synergistic inhibitory activity (IC 50 = 9.91 µg/mL) [75] .
Anticholinesterase Potential
Acetylcholinesterase (AChE) is an enzyme involved in the termination of impulse transmission by quick hydrolysis of the neurotransmitter acetylcholine (ACh). The AChE potential of drugs is inhibition of this enzyme from breaking down ACh, increasing the level and duration of the neurotransmitter activity [76] . For this reason, studies aiming to discover compounds with anticholinesterase potential are relevant. However, there have been few investigations with this focus in Neotropical regions. The EOs from aerial parts of Piper species from the Brazilian Amazon displayed a high activity when evaluated by bioautographic method. All samples had a detection limit (DL) value of 0.01 ng, about one hundred times more effective than the standard physostigmine (DL = 1.0 ng). P. hispidum and P. anonifolium oils were mainly composed of sesquiterpenoids, such as selin-11-en-4α-ol, β-selinene, α-selinene, β-caryophyllene, and α-humulene [61] . In contrast, EOs from the aerial parts of P. callosum and P. marginatum were mainly composed of phenylpropanoids, such as safrole and 3,4-methylenedioxypropiophenone (propiopiperone) [62] . Although there are limited data on AChE activity of Piper essential oils from the Neotropics, a significant amount of research has been performed on Old World Piper essential oils [77] [78] [79] [80] [81] .
Anti-Inflammatory and Antinociceptive Effects
Although a considerable number of analgesic and anti-inflammatory drugs are available for the treatment of pain and inflammation, there is a continuous search for new compounds, due to the fact that some current drugs lead to adverse reactions and have low efficacy [82] . Plants used in folk medicine, including essential oils, have been shown to be promising new sources of anti-inflammatory and antinociceptive drugs [83] [84] [85] [86] [87] .
Piper glabratum leaf EO indicated β-pinene (13.0%), longiborneol (12.0%), and α-pinene (9.7%) as the main compounds. Anti-inflammatory activity was detected by inhibition of leukocyte migration (100, 300, 700 mg/kg) and the protein extravasation into the pleural exudates (700 mg/kg) with no clinical signs of toxicity [88] . P. vicosanum EO minimized edema formation and inhibited leukocyte migration using the carrageenan-induced edema and pleurisy models at doses of 100 and 300 mg/kg [89] . The oil displayed a pronounced anti-inflammatory potential, with no acute toxicity or genotoxicity; its main compounds were γ-elemene (14.2%), α-alaskene (13.4%) and limonene (9.1%).
The P. aleyreanum EO was tested for antinociceptive activity on two phases of pain model, early neurogenic and the second inflammatory, by formalin-induced pain through the administration of 20 mL of 2.5% formalin solution by intraplanar injection in mice [90] . The effect was significantly more pronounced on the second phase. The ID 50 values for each phase were 281.2 and 70.5 mg/kg and the inhibitions observed were 75% and 99% at a dose of 1000 mg/kg, for the first and second phases, respectively. The main compounds of P. aleyreanum oil were caryophyllene oxide (11.5%), β-pinene (9.0%), and spathulenol (6.7%) [90] . P. mollicomum and P. rivinoides EOs were evaluated for their antinociceptive activity using the acetic acid-induced writhing in mice [91] . At a dose of 1 mg/kg, the samples inhibited 50.2% and 20.9% of the writhing in mice, respectively. The main constituents of P. mollicomum were (E)-β-ocimene (14.0%), germacrene B (13.3%), and (Z)-β-ocimene (12.1%), and for P. rivinoides were α-pinene (32.9%), β-pinene (24.7%), and β-caryophyllene (7.6%). Oral administration of both oils did not induce any apparent acute toxicity [91] .
Cytotoxic Activity
EOs with anticancer potential can act by two ways: chemoprevention and cancer suppression. Hence, EOs causing apoptosis in tumor cells are valuable resources in cancer suppression [92] [93] [94] . Essential oils from Piper species have been reported to possess antineoplastic properties against different cancer cells lines such as human colorectal carcinoma, breast tumor, melanoma, gastric tumor, leukemia, among others. The EO of P. aequale, rich in δ-elemene (19.0%), β-pinene (15.6%) and α-pinene (12.6%), showed significant cytotoxic activity against human colorectal carcinoma (HCT-116, IC 50 8.69 µg/mL) and human gastric tumor (ACP 03, IC 50 1.54 µg/mL) cell lines [95] . After 72 h of treatment, the oil has induced apoptosis in the gastric tumor cells in all tested concentrations (0.75-3.0 µg/mL). The EOs of P. biasperatum, P. glabrescens, P. imperiale, P. oblanceolatum and Piper sp. aff. aereum showed greater than 90% mortality against human breast adenocarcinoma cells (MCF-7) at a concentration of 100 µg/mL [34] . The main compounds identified in these samples were β-elemene (46.6%), limonene (56.6%), β-caryophyllene (25.5%) and linalool (11.3%), respectively.
Piper aleyreanum oil, rich in β-elemene (16.3%), bicyclogermacrene (9.2%) and δ-elemene (8.2%), showed strong cytotoxic activity (IC 50 7.4 µg/mL) against human melanoma (SkMEL 19) [61] . The oil from leaves and branches of P. cernuum displayed a broad cytotoxicity spectrum (IC 50 < 30 µg/mL) including murine melanoma (B16F10-Nex2), human melanoma (A2058), human glioblastoma (U87-MG), human cervical tumor (HeLa), and human myloid leukemia (HL-60) cells [39, 96] . These oils showed large amounts of β-elemene (30.0%), bicyclogermacrene (19.9%) and β-caryophyllene (16.3%) in leaves and camphene (46.4%), α-terpineol (11.6%) and carvacrol (11.6%) in the branches.
Piper hispidum oil, rich in α-pinene (15.3%) and β-pinene (14.8%), induced the death of cancer cell lines such as human cervical (HeLa), human lung (A-549), human breast (MCF-7) with average IC 50 values of 36 µg/mL [97] . The EO from P. regnellii leaves displayed an expressive cytotoxic activity against human cervical cells carcinoma (HeLa) with IC 50 value of 13 µg/mL [98] . In addition, the activity was determined to be due to its main compounds germacrene D (51.4%), β-caryophyllene (9.5%) and α-chamigrene (11.3%), which demonstrated IC 50 values of 11.0, 7.0 and 32.0 µg/mL, respectively.
Composition-Bioactivity Correlation
A multivariate statistical analysis was carried out in order to discern any relationship between chemical profiles and biological activities for Piper essential oils (described in Appendix A). The total percentage of compound classes (monoterpene hydrocarbons (MH), oxygenated monoterpenoids (OM), sesquiterpene hydrocarbons (SH), oxygenated sesquiterpenoids (OS) and phenylpropanoids (PP) to each oil was extracted from original citation (Table A1) . These data were used as variables (see Appendix C). The values were normalized and submitted to Principal Component Analysis (PCA) using the Minitab software (free 390 version, Minitab Inc., State College, PA, USA).
The antimicrobial activity (fungicidal and bactericidal) displayed a correlation to all compound classes identified in Piper species. However, the cytotoxic activity is related to higher amounts of sesquiterpene hydrocarbons (0-94.9%), monoterpene hydrocarbons (0-83.7%). The antiprotozoal activity is related to Piper oils with low concentrations of monoterpene hydrocarbons (<29.9%) and high concentrations of oxygenated monoterpenoids (0-50.3%), sesquiterpene hydrocarbons (3.3-76.0%) and oxygenated sesquiterpenoids (0-86.2%). For this activity, only the P. auritum oil, which was rich in phenylpropanoids (88.5%), showed activity against Leishmania spp. Piper oils described as rich in phenylpropanoids and sesquiterpenes hydrocarbons displayed high insecticidal and acaricidal activities. In addition, the amounts of phenylpropanoids and sesquiterpenoids (hydrocarbons and oxygenated) are related to acetylcholinesterase inhibition. The anti-inflammatory effects were mostly observed in Piper oils rich in sesquiterpene hydrocarbons (16.2-62.6%) while antinociceptive effects cover oils that showed monoterpene hydrocarbons (16.6-65.0%) as main compounds. The essential oil composition and biological activity correlations are summarized in Figure A5 and Table 1 . 
Conclusions
The Piper genus has shown great biodiversity in the Neotropics, and essential oils from Piper species have likewise demonstrated abundant chemical diversity. The chemical diversity of Piper essential oils has led to a myriad of traditional medicinal uses as well as numerous biological activities. The promise of Piper essential oils to treat human diseases, infections, and suffering has already been realized, and the future exploration of this genus shows much promise). The expectation that Piper's essential oils can be used to treat diseases, infections and human suffering is already a reality, and the future economical exploration of some species of this genus seems to us as very promising.
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Abbreviations
ACh Acetylcholine AChE Acetylcholine esterase DL Detection limit DPPH 2,2-Diphenyl-1-picrylhydrazyl (radical) EO Essential oil FIOCRUZ Fundação Oswaldo Cruz (Oswaldo Cruz Foundation) GC-MS Gas chromatography-mass spectrometry HD Hydrodistillation IC 50 Median inhibitory concentration ID 50 Median inhibitory dose LC 50 Median β-Elemene (11.6%), β-caryophyllene (8.3%), cis-β-guaiene (8.2%), γ-muurolene (7.6%), epi-cubebol (13.1%), spathulenol (9.6%), caryophyllene oxide (7.7%), valeranone (9.1%) - [125] α-Thujene (7.9%), β-phellandrene (22.6%), δ-elemene (6.6%), β-caryophyllene (7.0%), bicyclogermacrene (7.2%), (E)-nerolidol (8.5%)
- [70] a Floral = Infloresences or infructesence "spikes". b The essential oil had two unidentified major components (11.6% and 13.5%). c Based on retention indices (RI), this analysis is doubtful. γ-Elemene should elute before germacrene D. The compound identified as γ-elemene is probably bicyclogermacrene. γ-Cadinene should elute after germacrene D. The compound identified as γ-cadinene may be γ-muurolene. d Percentages are based on isolated yields and not by GC integration. e Only 56.8% of the essential oil composition identified. : Fungicidal and Anticholinesterase.
Appendix B (E)-β-Ocimene

